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The effect of branching in a semiconducting polymer on the efficiency of organic photovoltaic cells † Gaël H. L. Heintges, a Jacobus J. van Polymer-fullerene photovoltaic cells have recently broken the barrier of 10% power conversion efficiency. [1] [2] [3] [4] In these cells, the conjugated polymer is usually based on an alternating pattern of electron rich and electron poor moieties, offering control over the electronic and optical nature of the material. Among the more extensively investigated electron poor moieties is diketopyrrolopyrrole (DPP), a unit known to provide access to small bandgap polymers with high efficiencies [5] [6] [7] and good ambipolar charge transport. 8, 9 Research efforts into these polymers have focused on the fine-tuning of the electronic and optical properties on the one hand, 10 and the fine-tuning of the polymer-fullerene blend morphology on the other. The latter is done mostly via the influence of the solubilizing side-chains, 11, 12 or via the influence of the processing conditions. [13] [14] [15] Almost all polymers that have been used in photovoltaic cells have a linear architecture, leaving the topic of alternative architectures largely unexplored. These alternative architectures are, however, synthetically accessible via the polycondensation reactions that are usually employed for conjugated polymers. These include brush-type structures, containing conjugated segments of defined length attached to the main chain, 16, 17 and defined or randomly branched structures. [18] [19] [20] [21] No reports on the photovoltaic properties of truly randomly branched polymers are available in literature to date. A possible advantage of this random architecture is the higher molecular weight that could be attained by increasing the average functionality of the monomers, as the influence of molecular weight on the blend morphology and the efficiency of polymer solar cells is often significant. 6, 15 Other effects potentially caused by the branching of stiff conjugated polymers remain unknown.
In this work, we present the effect of branching on DT-PDPPTPT, a polymer consisting of a DPP unit, substituted with relatively long 2-decyltetradecyl (DT) solubilizing side chains, alternating along the chain with a thiophene-phenylene-thiophene (TPT) conjugated segment (Scheme 1). DT-PDPPTPT was selected because of its good solubility and reasonable photovoltaic efficiency. 5 It was found that introducing branching severely decreased solubility, even in the case of 1% of branching unit. However, this proved to have a surprisingly large effect on the photovoltaic efficiency and morphology.
DT-PDPPTPT was synthesized via the previously published procedure, 5 which was adapted by replacing a controlled amount of 1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene by 1,3,5-tris(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene to obtain the branched polymers. Two polymers were synthesized replacing 5% and 1% (5B-DT-PDPPTPT and 1B-DT-PDPPTPT respectively) of all bifunctional phenylene units by trifunctional units.
The polymer containing 5% of branching proved to be insoluble and will be excluded in the further discussion.
The electronic and optical properties of the linear and branched polymers were expected and found to be very similar owing to their identical conjugated backbone. In both cyclic voltammetry and UV-vis-NIR absorption spectroscopy ( Fig. S4 and S6, ESI †) very similar properties were observed for both polymers. The molecular weight was estimated using gel permeation chromatography (GPC) analysis in hot ortho-dichlorobenzene (oDCB) at 140 1C (Fig. 1 ). A distinct shoulder was observed in the high molecular weight range for 1B-DT-PDPPTPT. This was attributed to aggregation as the UV-vis-NIR absorption profile of the material in this shoulder showed a red-shifted absorption profile.
This indicates that 1B-DT-PDPPTPT has a strong tendency to aggregate compared to DT-PDPPTPT, where this shoulder and red-shift are absent in oDCB at 140 1C. The values extracted from the GPC trace are therefore likely overestimated for 1B-DT-PDPPTPT. Nevertheless, the branched polymer showed both lower number average (M n ) and lower peak (M p ) molecular weights of 31.4 and 43.1 kDa respectively, compared to the linear polymer (45.4 and 85.0 kDa) (See ESI, † Table S1 ). A further problem with this analysis is that GPC estimates the molecular weight based on hydrodynamic volume, and the exact impact of branching in stiff polymers on this volume is not well known. As branching diminishes the hydrodynamic volume, the molecular weight of the branched polymer could be underestimated.
Photovoltaic cells of both polymers were made using [6, 6] phenyl-C 71 -buteric acid methyl ester ([70]PCBM) as an acceptor, sandwiching the active layer between ITO/PEDOT:PSS and LiF/Al electrodes. The active layers were optimized in terms of thickness, polymer-fullerene ratio, and solvent composition of the casting solution. It was found that the optimal conditions for 1B-DT-PDPPTPT were similar to the previously 5 optimized conditions for DT-PDPPTPT, using a 1 : 2 polymer to [70]PCBM weight ratio dissolved in a mixture of chloroform with 3% of 1,8-diiodooctane (DIO), while the best cell of DT-PDPPTPT in this study was made using 6% of DIO. The photovoltaic performance is summarized in Table 1 and Fig. 2 . The open circuit voltage (V oc ) was found to be very similar for both materials, as was expected from the similar backbone. The fill factor (FF) does not show a big difference either, but an important difference was found in the short circuit current density ( J sc ). A dramatic increase of from 8.7 to 12.5 mA cm À2 resulted in an improved power conversion efficiency (PCE) of 6.3% for 1B-DT-PDPPTPT compared to 4.4% for DT-PDPPTPT for the best devices. As can be seen Fig. 1b the branched polymer shows a higher response in the spectrally resolved external quantum efficiency (EQE) over the whole absorption range of the device. Although there is a small difference in absorption, most of this increase is caused by a change in internal quantum efficiency (IQE) (Fig. S1 , ESI †).
To investigate the morphology, transmission electron microscopy (TEM) was performed on the active layers of the cells (Fig. 3) . Both blends show a fibre-like morphology, as was seen earlier in many DPP-containing polymers. 5, 6, 15 The fringes observed in the TEM of these fibres at high magnification indicate that they consist of relatively pure semi-crystalline polymer. There is however a large difference between the fibre width in both blends. The branching units in 1B-DT-PDPPTPT significantly reduce the fibre width compared to DT-PDPPTPT, leading to a more intimately mixed morphology, explaining the increased EQE and gain in efficiency, as charge generation is more efficient. It has been shown that increasing the molecular weight in DPP-polymers leads to more finely dispersed fibremorphologies, 15 however, in this case the GPC results indicate the opposite to be true. Even when taking into account errors in this measurement induced by the branched nature of the polymer, it is unlikely that the molecular weight of 1B-DT-PDPPTPT is dramatically higher than that of DT-PDPPTPT, and the difference in morphology in both blends is greater than any change we have seen in past due to a small change in molecular weight. Therefore, we hypothesize that another effect, caused by the branching, is at play here.
To gain more insight in the morphology formation, in situ light scattering experiments were performed during spin coating of the layer. 22 In this experiment, the polymer-fullerene solutions were spin coated onto a silicon wafer covered with PEDOT:PSS. The thickness of the liquid layer during spin coating was monitored by recording the interference of a specular reflected laser beam, while a photodetector placed to the side of this set-up recorded simultaneously the light scattered from the solution. Given the dimensions of the polymer fibres, we conjecture that an increase in scattering signal indicates fibre formation. This experiment was performed on active layer blends of both materials, using both 3% and 6% of DIO as co-solvent concentration. In all experiments, a fast (o1 s) drying regime ( Fig. 4 and Fig. S2, ESI †) and a slow (41 h) drying regime (Fig. S3 , ESI †) can be distinguished, which we attribute to the evaporation of chloroform in the first stage of drying, followed by a long drying period for DIO. 15 To be able to directly compare the experiments, the curves were synchronized to the point where all chloroform is evaporated (Fig. 4a , for more details see ESI †). In Fig. 4b , it can be seen that the branched polymer shows an onset of scattering before the linear polymer, meaning that fibre formation starts earlier, at lower concentration, when the same solvent mixture is used. Using the final thickness of the layers, the polymer content by volume at the onset of scattering was calculated to be 9.3% and 7.7% for the linear and branched polymer respectively when 3% DIO was used, and 6.2% and 4.0% for 6% DIO. However, the polymer concentration at the onset of scattering does not seem to determine the fibre width, as can be seen when comparing the linear polymer spin coated from 6% DIO in chloroform with the branched polymer from 3% DIO in chloroform. In these cases, the linear polymer has an onset of scattering at a higher solvent content than the branched polymer, yet the former has a larger fibre width (Fig. 3) .
We have recently shown that the width of the semicrystalline polymer fibres in bulk heterojunction blends is not the result of a frozen dynamical state but determined by nucleation, which is governed by the solubility of the polymer and related to the side chains, the molecular weight and the nature of the solvent/ co-solvent system. 15 Also the present results can be interpreted in the context of this nucleation-and-growth model. 15 Classic nucleation theory states that that a free energy barrier must be overcome to form a nucleus of critical size, which can subsequently grow. The higher this barrier is, the lower the number of nuclei will be, and the bigger they will be. A large barrier for nucleation can therefore result in wide fibres either because a small number of nuclei grow into large aggregates (when there is a long growth period) or because the nuclei are large and the fibre size is determined by this (when there is a very limited growth time). For DT-PDPPTPT a large free energy barrier can be expected as it has good solubility owing to the lengthy DT chain resulting in relatively wide fibres, which is consistent with our observations. According to this theory, the branched polymer must have a lower energy barrier as the fibres are found to be thinner. An increased tendency of aggregation is consistent with the observations made in the GPC analysis and the decreased solubility observed in the light scattering experiments, lending credence to this theory. The correlation between polymer solubility and fibre width has been pointed out before. 23, 24 The origin of the lowered barrier for nucleation is not clear at this point, although one might speculate that the branching causes a decreased number of degrees of freedom of the polymer in solution, leading to a lower entropic penalty for nucleation.
In conclusion, introducing only 1% of branching in DT-PDPPTPT has a significant effect on the photovoltaic performance and results in a PCE of 6.3%, compared to 4.4% for the linear polymer due to an increase in photocurrent. This increase is explained by a reduction of the polymer fibre width in the active layer. In situ scattering experiments revealed an onset of fibre formation during spin coating at lower concentration for the branched material, which was explained in terms of a lowered solubility. The increased tendency of aggregation is consistent with a lower barrier for nucleation, leading to thinner fibres through the theory of nucleation-and-growth. We propose that this decrease in the energetic barrier for nucleation finds its origin in entropic effects caused by the branched nature of the polymer. The results therefore demonstrate that introducing branching can be an effective tool to increase photovoltaic efficiency.
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